The Injection Laser System (ILS) optical design of the National Ignition Facility (NIF) laser system is described, covering design functions, requirements and constraints, various approaches and options, and the resultant configuration. The front end compromises approximately 70 optical elements per beamline, and 8300 elements total, whose characteristic dimensions are from two to six inches. Individual beamlines span a distance of approximately 15 meters. A variety of optical element types are used: spherical and aspheric lenses, mirrors, polarizers, multi-order waveplates, Faraday rotators, and laser rods. The front end performs multiple functions, namely to: image the pupil ofthe NIF laser system; amplify the beam's energy with a gain ofapproxiniately io; magnify the beam size by 30x; split the beam four-fold; provide back-reflection isolation; and adjust the pupil location, along with arrival time of the pulse, on a beam-by-beam basis. Due to the high-energy nature of the beam, particular attention is paid to minimizing peak fluence throughout the system, thus reducing the likelihood of optical damage. The front end must deliver a wavefront with no more than approximately a wave of P-V aberration (at 1.053 urn). This demanding wavefront requirement requires optics' surfaces and transmitted wavefronts to be of relatively high quality, typically 1/10 wave P-V (at 0.633um).
OVERVIEW OF THE NIF LASER
The NIF laser system comprises 192 laser beams, which are used to illuminate a fusion target. The fundamental subsystems of the NIF laser include the Injection Laser System (ILS) and the Main Laser System (located in both Laser Bays I and 2). the target chamber and transport mirrors. The laser system contains thousands of optical components. which work to amplift. condition, and transport the laser beams.
ILS FUNCTION AND SUB-COMPONENT DESCRIPTION

Functions of the ILS
The ILS performs the following functions, almost all of which directly influence the operation of the entire laser system:
• generation of the laser pulse • control of pulse length and temporal amplitude profile
• definition of spatial amplitude profile • control the laser beam's size • back-reflection isolation -self-protection against anomalous events of back-reflected energy • timing adjustments -(a) coarse adjustment to accommodate static or designed-in variations in pathlength; (b) fine tuning to match final timing.
• creating the correct f/# to inject into the Main Laser System • relay the pupil throughout the ILS and into the Main Laser System u:Li ( h:rnher 
Master Oscillator Room (MOR)
The laser pulse is initially formed within the Master Oscillator Room (MOR), a fiber-optic based oscillator system. The MOR is capable ofproducing pulses ofboth variable pulse shapes and temporal lengths. The output signal ofthis oscillator is split and distributed via fiber-optic cables to forty-eight Pre-Amplifier Modules (PAM's).
Pre-Amplifier Module (PAM)
The PAM receives the temporally shaped pulse from the MOR (see Figure 3 below). The output of the fiber optic is collimated and injected into the Regenerative Amplifier. A Pockels cell is used to trap the pulse within the cavity, allowing 
Input Sensor Package (ISP)
The ISP comprises two 45 degree fold mirrors, and a pupil-relaying telescope. One mirror in the ISP leaks a fraction of the beam's energy into a beam diagnostic package, for beam characterization and control. The telescope provides one stage of magnification, namely 150%.
Preamplifier Beam Transport System (PABTS)
The PABTS provides back-reflection isolation for the PAM, in the case of an anomalous event. The PABTS also splits the beam four ways, creating a total of 192 beams. Beam timing, pupil relaying, and beam size magnification adjustment are also functions within the PABTS. A two-element telephoto focusing lens system focuses the beam into the Main Laser System, providing the appropriate fY# (nominally 80.6) and an exit pupil that is located at the entrance pupil of the Main Laser System.
6. Subsystems and opto-mechanical design 3. PABTS DESIGN DETAIL The PABTS optical subsystem is approximately 15 meters in length. Eight beamlines (one bundle) are shown below in The opto-mechanical layout of the PABTS is shown below in Figure 7 . The beams propagate from lower right to upper left, coming out of the page in this isometric view. An anomalous event, such as a mis-aligned beam, could hit the edge of a pinhole in a spatial filter, create a plasma, and subsequently reflect off this plasma. The back-reflected beam could contain a significant, damaging amount of backreflected energy, which could damage the ILS as well as other components. The Isolation Module will optically isolate the rest ofthe ILS from main laser chain back-reflections ofup to 100J maximum per quad.
1:4 Split
The output of the Isolation Module is directed into the 1 :4 Split. A series of polarizers and half waveplates are used to split the beam's energy horizontally into two beams, then separating them again vertically, for a total of four output beams. The half waveplates are mounted on remotely-actuated rotating mounts. These half waveplates, used in conjunction with the polarizing beamsplitters, allow precise control ofthe distribution of energy among the four resultant beamlines.
Optical Trombone
An Optical Trombone is used to control the absolute timing of individual beamlines. Note that the MOR can control the timing of a quad ofbeamlines. However, the timing of beams within a quad is controlled by varying the positions of mirrors in the Optical Trombone section. Due to the physical layout of the front-end system, there is some variation in pathlength within the ILS. Also, in the Switchyard and Target Area Turning Mirrors, there are variations in pathlengths within a quad of beamlines.
Vacuum Relay Telescope (VRT)
The VRT is located after the optical trombone section. The primary function of the VRT is to relay an image of the pupil through the PABTS. The VRT design and functions are covered in detail later in this paper.
Fold mirrors and two-element telephoto lens
Several fold mirrors at the end of the PABTS re-position the beampath, pointing it directly into the Main Laser System. A two-element telephoto lens (positive-negative combination) generates an f/# of 80.6 and an exit pupil, to exactly match the input needs ofthe Main Laser System. Table 2 Design requirements for VRT
PABTS VACUUM RELAY TELESCOPE DETAILS
Design drivers
Along with the basic requirements, there are "soft" requirements, or driving forces to fully optimize the design. For example, reducing cost will drive the number of elements to be a minimum. The use of aspherical surfaces should also be minimized to reduce cost. The number of unique designs across the entire 192 beainlines should be minimized in order to reduce the configuration management workload.
15. Sample optical layout In Figure 8 below is shown the optical path (unfolded, without fold mirrors shown), linking two consecutive pupil planes (labeled "RP9" and "RP1O").
envelope of opto-mechanical assembly 4.4m maximum 15m (approx.) 
Design approach
Examining the pupil-to-pupil distance to be imaged (approximately 14 to 20m), and the constraint ofphysical space allowed for the relay telescope, a telephoto approach must be used. At a minimum therefore, four optical elements must be used in the design. From the requirement to be able to zoom the beam size, at least one additional element must be included in the design. For reasons of symmetry, and to slightly "relax" the design, it is attractive to settle on a final configuration which utilizes six elements. One-half of a sample design form of the six-element telescope is shown in Figure 9 . The optimization of the VRT lens designs required obtaining an acceptable design in not only the wavefront of the beam, but also in pupil aberration. The lens model also had to represent the lens in use over ranges of pupil magnification and relay plane imaging. This was accomplished with a lens model utilizing 17 positions. While the lens was optimized for the beam wavefront and pupil aberration, it was also constrained to maintain acceptable levels of (1) direct fluence levels of the beam on the lenses, (2) the overall allowed packaging of the VRT, (3) the retroreflection nature of ghost reflections off three surfaces, and (4) the pupil astigmatism of the relayed pupil. As promising design candidates are developed, an analysis of ghost foci must be performed. . This ghost analysis ensures that no damaging ghost foci land directly on a lens element, for any zooming position. The fmal design configuration is developed through a series of such optimization and ghost analysis cycles.
The maximum fluence requirement of <1 8 J/cm2 is driven primarily by the lack of available coatings with a damage limit of available, high-quality anti-reflective coatings. The pupil distortion can not exceed the error budget as dictated by the Main Laser requirements, where the beams are tightly packed, in order to maximize the energy delivered to the target.
CONCLUSION
The front end ofthe NIF laser -the ILS -is a complex, opto-mechanical system capable of delivering 192 beams to the Main Laser System. The as-installed system must meet demanding requirements including wavefront error, energy and power control, and pointing stability. There are demanding lens design requirements in each of the main subsystems in the ILS. A significant amount of interaction between the opto-mechanical design team and the optical engineering team was required to develop the best configuration for the NIF laser. One ofthe more complex lens designs in the ILS is the PABTS VRT. This lens design of the PABTS relay telescopes meets a multitude of very restricting design goals. The resultant lens designs are some ofthe most complex relay telescopes ever used in a high-powered laser ofthis type. 
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